Carrier recombination and trapping characteristics are examined in electron irradiated float zone (FZ) grown Si diode structures. The samples have been irradiated with high energy (5-10 MeV) electrons, doses varying in the range of 0.1-2 MRad. Activation energy of the trapping centres attributed to radiation defects is extracted from the lifetime variations with temperature. The vacancy related defects are identified by combining microwave probed photoconductivity transients (MW-PCT) and capacitance deep level transient spectroscopy (DLTS) data.
Introduction
Radiation technologies are exploited to increase switching rate in the case of high speed high voltage industrial devices. High densities of radiation induced defects [1] in high purity initial material restrict implementation of the classical characterization techniques, such as capacitance deep level transient spectroscopy (DLTS) and thermally stimulated currents (TSC) [2] . Therefore, the straightforward methods of carrier lifetime control are the most proper for characterization of irradiated material. The transient microwave (MW) probe technique is demonstrated [3] to be sufficiently sensitive to trace the carrier lifetime variations with fluence as well as to evaluate individual features of the recombination defects. In this work, the parameters of the vacancy related defects have been determined from temperature variations of the trapping constituent within excess carrier decay transients.
Samples investigated
Silicon diodes fabricated as CERN standard particle pad-detectors and commercially produced devices have been investigated. Processed device structures were irradiated by electrons of 5 and 10 MeV energy. CERN * The report presented at the 37th Lithuanian National Physics Conference, 11- 
Experimental techniques
Carrier decay transients are measured by non-invasive technique based on microwave absorption by free carriers [4] . Excess carriers are generated by exploiting 500 ps IR (1062 nm) laser pulses and processes of their density relaxation are probed with 22 GHz MW radiation. MW probed photoconductivity (MW-PCT) response is registered by Tektronix TDS-5104 oscilloscope. The transient components and relaxation rates are examined to identify the carrier recombinationtrapping processes and to extract the particular lifetimes. To determine the trap activation factors, variations of carrier lifetimes in wide range (90-450 K) of temperatures are investigated. DLTS measurements together with lifetime studies have been performed to identify carrier trapping centres. DLTS spectra have been recorded by employing a commercial spectrometer DLS-82E. These centres are ascribed to peaks within the lifetime dependences on temperature, examined by MW-PCT.
Theoretical approaches for evaluation of parameters of trapping centres
Recombination acting together with multi-trapping can be described by the instantaneous decay lifetime τ in [5] 
whereby the recombination lifetime τ R is increased due to additional trapping / generation processes, estimated by a trapping coefficient K tr :
It is assumed that the observed hyperbolic-like decay at low excitation level is due to trapping by the centres of asymmetric cross-sections with a concentration M . The density of final states available for thermal generation of carriers in statistics of multi-trapping is a density of states in the conduction (N C ) or valence (N V ) band reduced by thermal factor of the trap activation,
respectively [4, 5] . N C,VM depends on energy depth |E C,V −E M | of the trap level E M for thermal emission at temperature T and k is the Boltzmann constant. n 0 denotes the equilibrium carrier concentration and n ex is the light induced excess carrier density. In order to separate the pure recombination characterized by τ R , the capture into a trapping level should be suppressed by increasing n ex , thus making the term N CM M/n 2 ex much smaller than 1. Thus, carrier recombination and trapping constituents can be evaluated by examining the shape of excess carrier density relaxation and estimating their rates. Formation of lifetime peaks in its temperature variation can be simulated by using the model described by Eqs. (1), (2) and illustrated in Fig. 1 . The low temperature peak appears due to temperature dependent N CM (Fig. 1) . The trapping coefficient increases with kT as K tr ∝ M N CM /n 2 ex ∝ exp[−∆E M /(kT )] if N CM < n ex (a low temperature wing), and decreases with enhancement of kT as
when N CM > n ex (a high temperature wing). In the low temperature range τ R is nearly invariable, thus, τ in within the decay asymptote represents the K tr as a function of ∆E M /(kT ). Roughly, slopes of trapping peak of both wings are symmetrical as approximately exp[±∆E M /(kT )]. Values of K tr depend on M and n ex . The trapping effect is resolvable if K tr 1. It determines the temperature range of the peak formation. A peak amplitude is mainly determined by concentration of defects M , thus the excitation should be low enough. Then, an increase of K tr is observable in the low temperature wing with decrease of N CM and n ex . The latter n ex falls with temperature at fixed excitation intensity due to a decrease of the inter-band absorption coefficient.
Recombination and trapping lifetime variations with temperature
The two-componential excess carrier decay transients have been observed in the electron irradiated FZ Si detectors in the low temperature range. The initial component of excess carrier density relaxation shows recombination lifetime increase with temperature (Fig. 2) . The temperature dependent variations of the asymptotic constituent represent the trapping processes and exhibit three lifetime peaks (Fig. 2) . These peaks correlate well with temperature ranges of the DLTS peaks (Fig. 3 ) and indicate the different activation energy of the majority carrier trapping levels, namely, the 0.16, 0.24, and 0.43 eV. These traps are well-known [2, 6] as vacancy related centres and are denoted in Fig. 3 using widespread designations.
Dose dependent generation lifetime variations
Concentration M of trapping centres has been examined by analysis of generation lifetime temperature variations measured using the capacitance DLTS. The dose dependent spectra variations obtained for commercial Si diodes are shown in Fig. 4 . The vacancy attributed centres dominate within these spectra, while concentration of V-O complexes prevails, similarly as in CERN detectors (Fig. 3) . However, the DLTS band close to a peak ascribed to divacancy V 2 (0/−) becomes more complicated. This can be attributed to competition among centres ascribed to divacancy, vacancy cluster, and phosphorus-vacancy defects.
Variations of radiation induced traps as a function of 10 MeV electron irradiation dose Φ are illustrated in Fig. 5 . Nearly linear increase of M with Φ can be clearly observed. This enables one to estimate a defect introduction rate for each trap as a slope in the M versus Φ plot. Parameters of defect introduction rate allow estimation of concentration of species of the radiation induced defects within dose variations of industrial irradiations to manipulate the diode recovery characteristics.
Conclusions
The two-componential carrier decay transients have been revealed within temperature variations of excess carrier density relaxation in electron irradiated diodes.
Examination of the excess carrier decay constituents have been employed to characterize the competing recombination and trapping centres. The vacancy ascribed defects dominate in the electron irradiated FZ Si material and mainly determine variations of the majority carrier trapping lifetime. Concentration of the centres ascribed to V 2 and V-O complexes increases linearly with irradiation dose. An agreement between characteristics of these centres measured by MW-PCT and DLTS are obtained.
